Abstract. Brain connectivity analyses are increasingly popular for investigating organization. Many connectivity measures including path lengths are generally defined as the number of nodes traversed to connect a node in a graph to the others. Despite its name, path length is purely topological, and does not take into account the physical length of the connections. The distance of the trajectory may also be highly relevant, but is typically overlooked in connectivity analyses. Here we combined genotyping, anatomical MRI and HARDI to understand how our genes influence the cortical connections, using whole-brain tractography. We defined a new measure, based on Dijkstra's algorithm, to compute path lengths for tracts connecting pairs of cortical regions. We compiled these measures into matrices where elements represent the physical distance traveled along tracts. We then analyzed a large cohort of healthy twins and show that our path length measure is reliable, heritable, and influenced even in young adults by the Alzheimer's risk gene, CLU.
Introduction
Understanding the structural and functional connectivity of the brain's neural networks is critical for determining pathways and mechanisms underlying behavior and brain disease. Diffusion tensor imaging, and its mathematical extensions such as HARDI or q-space imaging, have been used to study anatomical connectivity in development [1] and in disorders such as Alzheimer's disease [2] . Such studies shed light on how connections and pathways are disrupted or altered in various diseases. Analyses of neural network connectivity are increasingly popular, with a rapid rise in the use of methods to map functional and structural networks in the living brain. With diffusion imaging and tractography, physical connections from one region of the brain to another can be tracked. By tracking pairwise connections between a set of N regions of interest on the cortex, we can summarize properties of these connections in a matrix. Graphs can be created, in which the nodes represent cortical regions, and edges represent the connections between them. Standard graph theory measures can often be used to summarize global properties of the network. For example, the 'characteristic path length' measures the average number of nodes that must be traversed to connect any one node in the graph to all the others. Despite its name, this average path length depends only on the network topology and not on how it is embedded in space: it ignores the length of any physical connection between the nodes (such as axons in the brain). When used for brain network analysis, the physical distance between cortical regions may also be relevant, as (among other factors) it may affect how vulnerable the connection is to lesions such as stroke, tumors, trauma, or degenerative processes.
In this work, we use tractography based on both high angular resolution diffusion imaging (HARDI) and co-registered standard anatomical MRI to map fibers in the brain connecting various cortical regions. We created maps of the proportions of fibers that interconnect various cortical regions within and across hemispheres and calculate an optimal path between cortical regions based on the fiber counts. By computing these connection matrices in a large cohort of 457 healthy adult twins, we were able to apply quantitative genetic analysis to discover how strongly our genetic make-up affects the lengths of paths connecting different cortical regions. In addition, regardless of the statistical analysis, the measures representing the length of the trajectory of fibers from one cortical region to another could also be used to weight an overall, topological measure of characteristic path length and determine the average length of fiber trajectory. We note that in network analyses, the metric embedding and spatial configuration of the brain's network nodes is typically overlooked, but that same information may be of interest in trying to discover factors that affect the brain's wiring efficiency.
Combining diffusion imaging with genetic analysis is also fruitful, and very recently several common genetic variants have been discovered that affect the integrity of the brain's white matter [3] [4] [5] [6] . In general, genetic studies begin by estimating the overall degree of genetic influence on brain measures, as a helpful precursor to candidate gene studies or genome-wide scans (GWAS) to identify factors that may influence white matter fiber connectivity [7] . Any genetically influenced connections or network properties could be prioritized as endophenotypes in the quest to discover specific genetic variants involved in the formation, insufficiency, and degeneration of these pathways. Twin studies have long been used to determine the degree of genetic influence over human traits. Monozygotic twins (MZ) share all their genes while dizygotic twins (DZ) share, on average, half. Here we used Falconer's heritability statistic (h 2 ) to study how strongly DTI measures are influence by our genetic make-up. Falconer's heritability estimate is a simple measure that examines differences in intra-class correlations between the two kinds of twins, identical (MZ) and fraternal (DZ). If MZ twins are more highly correlated than DZ twins, we can infer that the trait is affected to some extent by genetic influences, and the proportion of variance due to genetics can also be estimated.
